Novel glass-reinforced epoxy composites containing a phosphate -based intumescent and inherently flame retardant (cellulosic (Visil, Sateri) and phenol-formaldehyde (Kynol)) fibres have been fabricated. These components are added both as additives in pulverized form and as C for 5 minutes and tested for their flexural and tensile strength retentions. The charred samples remaining after cone exposure were also tested for stiffness test. Some of the samples retained up to 21% of the initial stiffness after being exposed to high heat flux in the cone calorimeter whereas, the control sample was rendered unusable after cone calorimeter exposure.
INTRODUCTION
Fibre reinforced composite structures have become very competitive engineering materials in recent years and have successfully replaced conventional metallic and other polymeric materials in many important sectors of industry. Epoxy resin matrix based composites because of their favourable mechanical, physico-chemical properties and high strength to light weight ratios are used in load-bearing structures such as aircraft, military vehicles, ships, building and offshore structures. In order to increase the market penetration and because of current stringent aviation and other legislation to increase safety, improvements in flame retardancy have been given significant priority. The organic matrix components are susceptible to combustion and fire damage because of their chemical structures [1] [2] [3] . This leads to concerns about the structural integrity of composite laminates during and after exposure to fire. Many composite materials are layered and hence, each glass layer acting as an insulator, affects the burning of underlying resin [3] [4] [5] [6] . The heat impinging on the surface causes degradation of the resin leading to its ignition. Further penetration of the heat below the first glass layer causes degradation of the underlying resin. The degradation products migrate to the burning zone through the glass and any char retained in the glass reinforcement. This process goes on until all layers of the resins are burnt. However, if the char formation can be enhanced which can then act as a thermal barrier, it can slow down this migration resulting in stopping or slowing down burning. We have attempted to do this based on our experience of using certain interactive phosphorus -based intumescents as char promoters for polymers.
Kynol, KF -10 BT in powder form (average fibre length 0.33 mm, diameter 33 m)
Intumescent :
Antiblaze NH (Rhodia Specialities Ltd) -contains melamine phosphate
Samples
Samples (i) -(vi) with 8 layers of woven glass and resin containing following additives were prepared : Samples were prepared by impregnating glass fabric components with resin and/or additive(s). Individual fabric layers impregnated with resin were dried in an oven at 40 0 C for 10 min. All the layers were stacked, laid up in a vacuum bag and cured at 135 0 C for 1 hour in an autoclave. The description of these samples, amount of components present (weight (wt) fractions) and thicknesses of the laminates are given in Table 1 . The structures of these samples can be represented schematically as shown in Fig. 1 . Samples were prepared by using resin film (prepared and supplied by Hexcel). Each layer of glass and
Samples (vii) -(ix
Visil was sandwiched between two resin films, hot -ironed and the release paper peeled off.
All subsequent layers were stacked and then processed similar to samples (i) to (vi).
Testing Equipment
Flammability testing kWm -2 in an air atmosphere under free convective air flow conditions to expose 100 x 100 mm fabric samples according to ISO 5660 standard [12] .
Dynamic mechanical thermal analysis (DMTA)
DMTA experiments were carried out in laboratories of Hexcel Composites Ltd., Duxford, UK igniting and where char formation is usually at its optimal level. Also this decision was based on our earlier work where Visil fabric (nonwoven) impregnated with intumescent showed optimum char generation and best mechanical performance [13] .
Additional flexural tests were carried out on fire damaged, square plate samples (100 x 100 mm) after exposure in the cone calorimeter. It was decided not to cut the samples to standard sizes because it was felt at the time that this might further damage them. The full affects of the cone's fire would not be assessed if further damaged occurred to the fibre-matrix interface prior to applying any mechanical loading. The samples were, therefore, tested by simply supporting two edges and applying a central load mimicking plate indentation tests. Undamaged samples of similar sizes were also tested for comparison purposes.
The load was applied progressively with the displacement continuously monitored. Using plate theory [14] a relationship between the force (P) and displacement (δ) can be obtained in terms of the average modulus (E), assuming the plate width ( a ) is significantly larger than the mean thickness ( t ) and the load does not impart significant local damage :
C is a coefficient dependent upon geometry and loading conditions.
It was decided to use the simple test with a single point so as not to cause significant damage to the sample before and after loading. In order to give confidence in the results, a finite element model [15] was developed based upon a bi-directional laminate structure with the same loading conditions. This model produced an agreement with the theoretical stiffness to within a maximum deviation of 5%. It was therefore assumed that the above equation is of sufficient accuracy for comparison purposes here since only average through the thickness values are needed.
Visual and microscopic examination of char
Fire damaged samples after cone experiments were also imaged with a digital camera and an optical microscope.
RESULTS AND DISCUSSION

Cone calorimetry
Selected cone results for these samples are given in Table 2 and have been discussed in detail elsewhere [11] . In our previous work [10] we have studied in detail the effect of thickness on the burning behaviours of polyester laminates, where it was observed that as thickness of the laminates increased, time to ignition (TTI) and also duration of burning (flameout time)
increased. When the sample becomes equivalent to being thermally thick (i.e., the heat wave penetration depth is less than the physical depth ), TTI is less affected and burning slows down [16] . Peak heat release rate (PHRR) values decrease with increasing thickness but these samples burn for longer times yielding greater total heat release (THR) and average heat release rate (Av HRR) values [10] . In the present study to minimise any thickness effects, sample thickness was maintained at 2  0.5 mm (see Table 1 The total smoke formed in 5 minutes is given in Table 2 . Both intumescent (sample (ii), 648) and Visil (sample (iii), 614) when present alone, reduce amount of smoke compared to control sample (sample (i), 908). However, when both Visil and intumescent are present there is considerable reduction in smoke (sample (iv), 495). When Visil-intumescent are present in fabric form, the values are higher, but the resin and glass contents in these samples are also different than other samples. However, Kynol with and without intumescent is not as effective as Visil in reducing smoke although it is less than the control sample.
Dynamic mechanical thermal analysis
Glass transition temperatures, Tg and loss factor, tan  values seem to be lowered with additives present (see Table 1 ). This may be due to solubility of additives in the resin and their plasticizing effects. Samples (vii) and (viii) have lower values, which may be because of different resin contents.
Mechanical performance
Flexural and tensile results of all the samples are given in Table 3 . The flexural modulus was calculated to establish the effect of lay-up. The tensile modulus is associated with the low strain region (upto 0.5%) or design limit. The failure stresses calculated are those based upon the measured load over the initial cross-sectional area. The performance of composites is dependent on the properties of the materials comprising the composite and the process by which they are combined. It also very much depends on the type and amount of resin used and thickness of the laminate. In order to eliminate the effect of thickness variable, the flexural and tensile moduli were calculated as unit values per unit glass wt fractions and are shown in Figs.2(a) and (b) . Table 3 shows that additives -intumescent (sample (ii)), Visil (sample (iii)) and mixture of intumescent and Visil (sample (iv)) do not reduce the flexural moduli and in some cases they are slightly increased. Tensile moduli of these samples decrease slightly with additives, the lowest value being for sample (iv). However, when values are presented as unit values per unit wt fraction of glass fibre, the results for these samples are similar to the control sample (i) as can be seen from Figs.2(a) and (b) . This indicates that presence of additives does not adversely affect the mechanical performance. Moreover, the values are comparable when Visil fibre is replaced with Kynol fibre.
Samples (vii)-(ix) seem to have low flexural and tensile modulii (see Table 3 ), but they have low glass contents (see Table 1 ). This is more evident, when the values are presented as unit values in 
Mechanical performance of heat/fire damaged samples
Heat damaged samples
In general when a composite is heated, its stiffness and strength are reduced, in particular this become more significant above its glass transition temperature [5] and in a fire, the residual strength of the composite is much lower than the original strength. However, our previous work has indicated that presence of intumescent in Visil fibre increases the char strength of the latter [13] . To observe the effect of this combination on the epoxy resin, mechanical testing of the heat and fire damaged samples has been performed. The samples were prepared as discussed in the experimental section and the various flexural and tensile parameters are given in Table 4 . For calculation of flexural and tensile moduli, thickness of the damaged samples and also of the original undamaged samples (as also used by Sorathia et al [2] ) have been used and both values are given in Table 4 . However, the results are very inconsistent, since intumescent, when heated, blows up and increases thickness of the sample significantly but non-uniformly. To eliminate this factor, unit flexural and tensile modulii were calculated and are shown in Fig.3(a) and (b) . The results show that with additives the modulii decrease, which is more evident in Table 5 , where the percent retentions of mechanical properties are discussed. The lowest values are for the sample containing both Visil and intumescent (sample (iv)), but the results are comparable to that containing Kynol and intumescent (sample (viii)). However, the results are inconclusive due to the char not being given the opportunity to form as a barrier. The performance is therefore not as good as the control. This test was only for one temperature and time, at different temperatures the performance may improve relative to the control once the char can start to form a barrier.
Fire damaged (after cone experiments) samples
The stiffness test results for undamaged and fire damaged samples are given in Fig.4 . The results
show that the control sample (i) and sample containing Visil (iii) were rendered unusable after the cone test, whereas samples containing intumescent without (sample(ii)) and with FR fibre (samples (iv)and (vi)) show some retention of stiffness. This is more clear from Table 5 where percent retentions are given. The best results are shown by sample containing Kynol fibre (sample (vi)).
Visual and microscopic examination
The charred samples left from cone calorimetric tests were examined for changes in appearance by taking photographs with a digital camera. These samples were also examined under an optical microscope for finer details on the surface and through cross-sections of the laminates. Results are shown in Figs 5 -7 . In some of the cross-sectional micrographs (see Figs. 6 and 7) , delamination of the laminates can be clearly seen. Since these samples were inspected after residual stiffness test (discussed in earlier section), it is not certain whether the delamination is due to stiffness test or fire damage. Hence, in the present study the delamination factor is ignored, which will be taken into consideration for future work. Fig.5(a) for control sample (i), which contains glass fibre and resin only, shows that after cone exposure at 50 kW/m 2 all the resin has burned away. Charred residue on the edges is due to the shielding effect of the sample holder edge during the cone experiments. The cross-sectional view in Fig. 6 (a) also shows that most of the resin has burned and only glass fibre is seen in the first five layers. The effect of intumescent additive (sample (ii)) on the burning behaviour of resin is clearly seen in Fig.5 (b) , where charred residues are seen on the surface and within layers of glass fabric in cross-sectional view (Fig.6(b) ). Visil -containing sample (iii) surface (Fig.5(c) ) and cross-sectional views (Fig.6(c) ) show that very little charred residue is left between the glass fabric layers, which is due to residual silica after the cellulosic content of the Visil has decomposed. However, when both Visil and intumescent are present as additives (sample (iv)), the char formed is higher in quantity as seen on the surface (Figs. 5(d) and 6(d)) and between layers of glass fibre ( Fig. 6(e) ). The char on the surface of sample (iv), when seen under microscope, shows the complexity of the charred structure, the chemical nature of which has been discussed in detail elsewhere [9] .
For Kynol -containing samples (v) and (vi), char formation (Figs.5 (e),(f) and 6 (f)-(h)) is much less than in respective Visil -containing samples (iii) and (iv) (Figs. 5(c),(d) and 6(c)-(e)). This corroborates our earlier thermal analytical results [9] where Visil -containing samples generate greater char residues compared to Kynol -containing ones.
In samples containing FR fibre in fabric form (samples (vii)-(ix)) the results are particularly interesting. For sample (vii) where the first (outer) layer is glass and second layer is Visil-Int fabric, most of the resin has burned out (see Fig. 5(g) ), but the complex char from the VisilInt fabric is clearly seen between the layers of glass fibre in cross-sectional view ( Fig. 7(a) ).
When Visil-Int fabric is used as the outer layer in sample (viii), the derived complex char is clearly seen both on surface (Figs. 5(h) and 7(b)) and between the layers of glass fabric (see Fig.7(c) ). With Kynol fabric (sample (ix)), char formation is much less than in samples (vii) and (viii), where most of the resin in the former is burned on the surface (see Fig. 5 earlier work on Visil-Int fabric [13] , at this temperature, interaction of all components is not complete as observed by thermal analysis results [9] . However, at 600 0 C where maximum interaction occurs [9] , the composite sample chars very quickly and catches fire. Future work will involve studies of the chars formed at different temperatures in the range of 400 -600 0 C.
The fire damaged sample results are encouraging, however, with three of the burnt samples containing Visil and intumescent retaining up to 21% of their initial stiffness after being exposed in the cone calorimeter, compared to the control sample which was rendered unusable. 
